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Abstract 
The design of an effective, efficient electrocoagulation reactor for an industrial scale application has being pursued in this job. 
The main parameters that guided the final design were the matrix velocity of the treated aqueous effluent inside the reactor and 
the current density, as they determine the energy requirements as well as steady state conditions that favor the total consumption 
of aluminium electrodes in an continuous, flocculator like, electrocoagulation reactor designed to remove silica from water.  One 
of the important parameters to monitor the performance of the system is the Voltage as a function of time; when this variable 
increases means that something has changed, the most common cause is electrode passivation due to a solids film deposited over 
the electrodes, other causes are false contacts or exhausted electrodes. We got the profiles for Voltage as a function of time using 
different current densities under a galvanostatic regime. For our purposes, a current density of  j=38 A/m2 was selected in scaling 
up an electrocoagulation unit as at this current density a good silica removal is reached, the electrodes could be totally consumed 
without an important increase in voltage and they kept free of deposits. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the Sociedad Mexicana de Electroquimica. 
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1. Introduction 
The presence of silica is a major concern in cooling water systems. In some places like the central part of 
Mexico, groundwater contains important concentrations of silica, from 50 up to 100 mg/L, making difficult to 
recirculate the water in cooling tower circuits for a considerable period of time. In these cases, the water is 
frequently discharged making the system to work at low cycles of concentration (cc) and requiring a continuous 
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supply of fresh water. In this scenario it is highly recommended to look for an alternative that helps to save water in 
industries, as the growing population demands of fresh water for human use and consume must be a priority over 
industry requirements. The most common strategy to avoid silica deposit is the use of chemicals, anti-fouling 
products, and other compounds. To prevent collateral problems makes a common practice the use of dispersants and 
biocides. 
In this contribution, we explore the use of an alternative to face the silica fouling. Our proposal is to treat water in 
order to keep the silica concentration at a convenient concentration in make-up water to be circulated in the system 
for a longer period of time. With this approximation, water can be saved as concentration cycles (cc) are higher and 
the required volume of make-up water decreases. 
The treatment system consists in an electrocoagulation reactor followed by a conventional separation sequence of 
solids: a clarification unit (flocculator-settler) and a sand filter. The advantage of the proposed treatment is that 
many industries have facilities for solid separation, so the novel part is the reactor that at the end, function as a 
source of fresh aluminum hydroxides free that does not increases the dissolved solids of water and generate less and 
more dehydratable sludges. 
The technical basis of the treatment is the high affinity among dissolved silica and fresh prepared aluminum 
hydroxides. In our system the aluminum plates are electrochemically oxidized, according to the following reactions: 
At the anode: 
33 o AleAl (1)
At the cathode: 
 no OHHeOH 222 22 (2)
In the solution: 
 po HOHAlOHAl 3)(3 32
3 (3)
Fresh prepared hydroxides through both mechanisms adsorption and sweep capture the silica dragging it into the 
solid phase that is easily separate in a later step.  
 
Nomenclature 
cc cycles of concentration, compares the level of solids of the recirculating cooling tower water to the level of 
solids of the original raw make up water. Several expressions for this parameter can be stated. For example: for a 
conservative component, like chloride ions: cc= (Concentration in blowdown)/(Concentration in make up) 
j current density (A m-2) 
V electrical potential, expressed in Volts 
2. Methods
2.1 Electrocoagulation system description 
Tests were conducted in a Plexiglass rectangular flow-through reactor in which the electrodes were arranged in a 
parallel plate configuration. We call this system semi-pilot as the flow values range from 2 to 5 lpm. The electrodes 
inside the reactor acted as baffle screens forcing the water to move in an up-down plug-flow-pattern; vertical zig-zag 
movement (Figure 1). This configuration reduces dead zones and hydraulic short circuits. In addition, each channel 
operates as an independent cell, and as the water flows, increases its concentration in Al3+.
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Fig. 1 Electrochemical reactor and settler (hydraulic flocculator not shown) 
In order to obtain the values of current density, a specific number of brand new electrodes was selected, 50 
electrodes to reach a current density of 5 Am-2, 8 to have 38 Am-2 and 5 to work at 78 Am-2. The electrical contacts 
were made for a monopolar arrangement.  Each electrode consisted of an aluminum plate of 20 cm length, 22.5 cm 
height and 0.125 cm thick, the spacing between electrodes was 1 cm. The interelectrode gap was selected to achieve 
a constant value of 0.021 ms-1 for the velocity of the fluid in the reactor. A programmable DC Power Supply 
Sorensen DLM4015 able to provide potential from 0 to 40 V and 0–15 A DC was used, changes of polarity were 
made every hour in order to avoid deposits over the electrodes and to prepare the electrode surfaces homogeneously. 
The electrocoagulation reactor (ER) works online with a complementary treatment system consisting of a tubular 
hydraulic flocculator (not shown) and a settler (Fig. 1). The flocculator is a flexible plastic tube that provides a 
mixing velocity gradient of 20 s-1, having a hydraulic retention time, HRT, of 8 min. The settler had 35 acrylic plates 
placed diagonally at 60° respect to the horizontal. From the effluent of the reactor 1.7 lmin-1 was directed towards 
these treatment units, the rest was derived to be discarded. After the settler the effluent passed through a sand filter 
where the water was polished. Flow was measured with a rotameter at the entrance to the electrocoagulator 
chamber; the readings were verified with a graduated tube and stopwatch at the outlet of the reactor, settler and 
filter. 
Faucet water pH=7, containing 48±2 mg L-1 silica was used to perform the experiments; its conductivity was 
increased to about 729 ±19 ȝS cm-1 with NaCl to decrease the resistance of the solution.  
The aluminum concentration was monitored by the Aluver method, with a Hach spectrophotometer DR2010, 
every hour from the second hour of treatment to the end of the experiment. The concentration of silica was measured 
by the molybdate method with reagents and a spectrophotometer Hach. Aluminum was quantified on water samples 
taken at the outlet of the reactor to measure the amount of produced aluminum. On water samples taken at the outlet 
of the settler and filter, residual aluminum and silica were quantified every hour during the treatment. The results 
were used to make graphical representation as well as to calculate the rate: produced aluminum/removed silica 
(AlP/SiO2 rem).  
The electrical potential required to keep the reactor working with a pre-set intensity of direct current was 
continuously monitored during the test. The Power Supply has a display that shows the value of the potential at 
every moment, these values were recorded and graphed as a function of time, as well as the maximum and minimum 
value reached during the change of polarity. 
Three different values of current density were tested: 5, 38 and 78 Am-2. Each run lasted a different period of 
time, due to specific experimental conditions. In the case of the last two densities the run was stopped because some 
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parts of the electrodes were so thin that holes appeared causing an evident increment in the voltage. For the lowest 
density tested, the run was stopped for two reasons: (1) it lasted for a longer period of time than the others (120 h of 
continuous operation) and because it was evident some accumulation of flocks over certain parts of the electrodes 
and it would be necessary some kind of mechanical cleaning. We would like to emphasize the duration of the 
experiments. These were made looking for plates depletion, which was achieved for densities of 38 and 78 Am-2, 
showing that at the conditions of the tests the reactor can keep working for long periods of time, free from deposits 
representing a great operational advantage for this type of system. 
3. Results 
3.1 Aluminum production  
Silica removal depends on the aluminum production, so the first result that is presented here is the production of 
aluminum as a function of time. Aluminum was measured on samples at the outlet of the reactor, it must be 
mentioned that to take a representative sample was especially difficult, because during the reaction the production of 
gas imposes a variable amount of flotation, a fraction of the formed aluminum hydroxides are floating and 
accumulate in the top of some channels of the reactor. The variations are evident in the quantities measured for 
aluminum, even though the observed tendencies are clear and unequivocal. 
The amount of produced aluminum presented a very different tendency than that predicted by the Faraday´s Law. 
Table 1 and Figure 1 give a clear image of this tendency. 
Table 1. Comparison of relevant parameters during silica removal in a continuous electrocoagulation system
Q / (L/min) (j) / A/m2 
Predicted Al3+ 
/ (mg/L) E / (V) Experimental 
Aluminium measured 
(AlP) (mg/L) Sílica removal (%) 
Rate in mass for 
AlP/SiO2 rem 
2.5 5.5 26.19 3.46 ± 0.34 67.99 ± 15.61 89.81 ± 5.04 1.55  ± 0.27 
2.5 38 26.86 9.3 ± 1.06 60.83 ± 8.98 85.36 ± 4.04 1.34  ± 0.20 
2.8 78 27.98 17.11 ± 0.8 55.00 ± 9.34 76.34 ± 2.71 1.45 ± 0.26 
 
Fig. 2 Aluminum measured at the outlet of the reactor 
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It can be observed that the amount of produced aluminum grows as the current density decreases, fact that has 
been observed by other authors1,3,4,5 , who reported that the total aluminum dose to the Faradic dose declined with 
the increased current density. We explain this behavior considering that as we apply the same intensity in every 
case, we needed to increase the number of electrodes in order to be able to have smaller values for j, increasing the 
cathodic area. According to facts previously reported by other authors2, the amount of aluminum generated during 
electrolysis exceeds the theoretical value calculated from Faraday´s Law. Even more, the difference between the 
experimental and theoretical amounts of released aluminum is more important as the current density is lower. They 
stated that the increase of the total quantity of aluminum released could be ascribed to that “chemically” dissolved at 
the cathode due to the basic conditions at the electrode surface. Our results can be explained on that basis whereas in 
our case the cathodic area was increased to reach lower current densities, and greater aluminum area is susceptible 
to chemical oxidation.  
3.2 Silica removal 
According to data in Table 1, the highest values of silica removal are reached using the lowest current density. As 
a manner of fact it is clear that the lower the current density the higher the silica removal. Figure. 2 shows the 
behavior for silica removal as a function of time. In the graph only the results for the 40 first hours are shown, but 
the trend is maintained throughout the entire test. 
 
Fig. 3 Silica removal as a function of time and current density, measured at the outlet of the settler. 
The results makes us consider that there is something like an overproduction of aluminum at low density current 
that is being wasted as it is reflected in the values of the ratio AlP/SiO2 rem. This fact has important implications in 
the cost of the process. To the best of our knowledge, the best price found in the Mexican market was $53.00 MXN 
(equivalent to around USD 4.1) per Kg of aluminum. An analysis of the costs for the electrochemical process under 
the best identified conditions (analysis not presented here, for a specific application), indicated that more than 60 % 
of the price for the electrocoagulation treatment, around $7.80 MNX per cubic meter of water is attributable to the 
aluminum blades. So, to the extent that the ratio AlP/SiO2 rem can be smaller, the cost of the process will become 
cheaper. 
3.3 Electrical potential demand 
Figure 4 shows the behavior for the observed potential as a function of time for the three values of current density 
studied. In this figure values of maximum and minimum potential observed during the change of polarity are shown. 
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Fig. 4. Electrical potential measured for operation at three values of current densities 
As it can be seen, the potential requirements are smaller as the current density is small. For the densities of 38 
and 78 Am-2 the run was stopped because some parts of the electrodes became so thin that holes appeared causing an 
evident increment in the voltage. For the lowest density tested, the run was stopped for two reasons, one: it had 
lasted for a longer period of time than the others and because it was evident some accumulation of flocks over 
certain parts of the electrodes and it would be necessary make some kind of mechanical cleaning.  
3.4 Discussion 
All the previous results were analyzed in order to select characteristics and operational parameters to design a 
larger electrocoagulation reactor for continuous operation. For the selection of the final version the number of 
blades, size of the entire unit and power supply output requirements must be considered. In the case of selecting the 
lowest current density it is possible to reach the highest values for silica removal using a power supply with a small 
voltage output; however because of the number of blades required to work with low density, the size of the reactor 
implies major requirements of land dedicate to the reactor unit. Another point to be considered is the fact that once 
the electrodes became worn, they need to be replaced, reason why it is desirable to change the less number of 
aluminum blades, inclining the balance towards the use of medium values of current density. 
Another interesting result is related with the changes observed over the electrode surface. In the figure 5 it can be 
observed a representative area of the electrodes for each one of the current density values. Unexpectedly, the 
presence of pitting was more relevant for j= 38 Am-2.  
 
Fig. 5. Microphotography of the electrode surfaces worked at the indicated current densities: a) 5 A m-2, b) 38 A m-2, c) 78 A m-2 
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 For the estimation of the cost of the process it must be considered the operation costs for energy, materials 
(blades, electrical connections) and maintenance (replacement of the blades) and in addition the inversion costs 
(power supply and  clarification units).  
Selecting the medium value of current density it is possible to reach acceptable high values for silica removal, for 
a unit of regular size and with an electrical potential of medium size. In addition it should be mentioned that the 
residual amount of aluminum present in the produced water was at the settler outlet 4.45 mg/L and after the filter 
0.39 mg/L, for an average removal of 92% in the settler and >99 % at the end of the process. All this results make us 
feel confidence of the applicability of the proposed process to be applied at a major scale, with the objective of 
treating cooling water for great industries. 
4. Conclusions 
It was possible to find operational conditions for continuous operation of an electrocoagulation reactor, being j 
one of the main parameters of the system. Also, of the three studied values of j, a relatively low value of j=38 Am-2 
offers, in combination with a convenient kit of operational conditions, the best operational parameters for an 
adequate scaling up for an electrochemical reactor to be used for silica removal to be applied in big cooling towers 
systems. 
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